1. Introduction {#s0005}
===============

Location of "fingerprints" of the voxels for hand function in the primary sensory-motor cortex is an important part of the pre-operative evaluation of a patient when surgery near this area is being contemplated. The pre-operative localization of the hand area in the cortex of the hemisphere with brain lesions and its relation to the pathology allows targeted craniotomies and safer surgery for the patient. Confirmation by appropriate cortical stimulation, and in combination with diffusion tensor imaging (DTI), subcortical motor tract identification allows removal of tumors in close proximity to the motor cortex and tracts while minimizing the risk of contralateral weakness or paralysis ([@bb0075]). Even though the hand functional areas of the motor cortex can often be localized by anatomical landmarks alone ([@bb0260]), functional localization based on anatomy can often be unreliable ([@bb0005], [@bb0030], [@bb0070], [@bb0185], [@bb0225]) for a patient with brain disease. The anatomy may be distorted, shifted, and unclear because of the lesion itself or the edema surrounding the lesion.

Among all the pre-operative noninvasive techniques to localize the sensory and motor cortex including a task driven functional MRI (fMRI), PET, magnetoencephalography (MEG), and transcranial magnetic stimulation (TMS), the task driven fMRI has become a de facto standard. Many studies have validated the results obtained by the fMRI with the 'gold standard' of intra-operative electrical stimulation ([@bb0160], [@bb0080], [@bb0130], [@bb0020], [@bb0215]). One of fMRI modalities measures changes in the ratio of oxygenated to deoxygenated hemoglobin in capillary beds because of their different magnetic properties. This technique called Blood Oxygen Level Dependent (BOLD) fMRI allows mapping of cortical areas based on task activated local field potentials and their coupling with the local vasculature causing changes in the levels of oxygenated hemoglobin due to the changes in the cerebral metabolic rate of oxygen consumption (CMRO2), cerebral blood flow (CBF) and cerebral blood volume (CBV) ([@bb0025]). Because this technique requires patient participation, an optimal task performance may not occur in several groups of patients including young children or the elderly or those with paresis or cognitive deficits, either inherent or as a consequence of medications, drugs or anesthesia.

A recent advance in BOLD signal imaging is the resting state fMRI (rs-fMRI), which can obviate many of these difficulties. rs-fMRI is based on a hypothesis of spontaneously occurring low frequency fluctuations in the BOLD signal in brain cortices in the resting state, and these fluctuations being synchronous in several functionally connected areas ([@bb0010], [@bb0155], [@bb0045], [@bb0090], [@bb0275], [@bb0210]). rs-fMRI has become a popular tool to investigate brain functional connectivity (FC) ([@bb0085], [@bb0015], [@bb0245], [@bb0150], [@bb0065]) after the studies of Biswal ([@bb0010]) and Raichle ([@bb0210]). A resting state network connecting the sensory and motor cortex has been shown in healthy subjects and patients ([@bb0255], [@bb0040], [@bb0060]). Because the locations of the hand area in the primary sensory-motor cortex for healthy subjects and patients, determined by a rs-fMRI and a motor task BOLD fMRI methods, happen to be close (especially the cortex was determined by a group analysis), recent studies have attempted to use the resting state network (i.e., the sensory and motor network) as a localizing tool to preoperatively identify the hand area in the primary sensory-motor cortex in patients with brain tumors ([@bb0120], [@bb0265]; [@bb0145], [@bb0205], [@bb0165]) for maximizing resection of the tumor while minimizing damage to the eloquent cortex.

However, these attempts need to be verified by a quantitative study, i.e., is the "fingerprint" or the location of the hand area in the sensory and motor network determined by resting state BOLD signal the same as the one determined from a motor task BOLD signal and how do these relate to the anatomical localization of the hand area in the motor cortex? We hypothesized that the location of brain connected areas (i.e., the voxels) for hand motor function determined from rs-BOLD fMRI data is different from both the locations of the hand function areas determined by a finger tapping task BOLD fMRI data and anatomical MR images. We located fingerprints of the hand functional areas generated from the right hand finger tapping BOLD fMRI, rs-BOLD fMRI data and high resolution T1 weighted images in 10 healthy subjects and 25 patients with left hemispheric brain tumors, without previous surgery, and measured the differences between the locations of the hand functional areas determined from these two BOLD signals and the anatomical landmarks. We also discuss the mechanisms that may be responsible for our findings. To our knowledge, this paper is the first to quantitatively evaluate the differences in the locations or fingerprints of the hand motor areas determined by three MRI modalities in the patients with the brain tumors in the left hemispheres.

2. Patients and healthy subjects and methods {#s0010}
============================================

2.1. Patients and healthy subjects {#s0015}
----------------------------------

In this study, 25 patients (41.6 ± 17.6 years) with a brain tumor in the left temporal and or frontal lobe(s) and 10 healthy subjects (35.2 ± 14.8 years) were included. The local authority approved the IRBs, in which the resting state BOLD fMRI was included. The relevant characteristics of these patients and healthy subjects are listed in [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}.

2.2. Data acquisition {#s0020}
---------------------

The anatomical imaging and task fMRI and rs-fMRI scans for each subject were performed using a 3.0 Tesla scanner with a 12-channel head matrix coil. A fast spin echo pulse sequence (TR/TE: 1900 ms/2.99 ms, slice thickness: 0.9 mm and number of axial slices:176) was applied for performing a T1-weighted high spatial resolution imaging. The rs-fMRI and fMRI scans were performed by using a multi slice 2D EPI (TR/TE: 3000 ms/30 ms, field of view (FOV):190 mm, image matrix: 64 ∗ 64, slice thickness: 4 mm and number of axial slices:38) for total 100 volumes. During the rs-fMRI scans, the subjects were asked to close their eyes and "rest" (i.e., "doing nothing and keeping the mind wandering without particular thinking"). For the task fMRI scans, a boxcar paradigm with five on-off acquisitions as a period and ten periods was applied. The subjects were asked to perform a finger tapping task with the right hand (i. e., four fingers one by one touched the thumb in approximate 1 Hz frequency) in the "on" acquisitions, and to rest in the "off" acquisitions, and the task performance for each subject was guaranteed by watching his or her finger tapping and by displaying real-time BOLD fMRI signals during the fMRI scan.

2.3. Data processing {#s0025}
--------------------

The rs-fMRI and the task fMRI data were analyzed offline in an individual and a group analyses for the patients and healthy subjects. For the individual analysis, AFNI ([@bb0050]) software was applied. First, the functional cortices (i.e., primary sensory and motor cortices and supplementary motor area (SMA)) were determined from the task fMRI data by a correlation coefficient analysis (i.e., a general linear method), and then the corresponding functional connectivity (FC) map for the sensory and motor network were determined from the rs-fMRI data by applying a seed method. The hand motor functional areas in both brain hemispheres of a subject were determined by the center of the cluster with at least five voxels which had the highest correlation co-efficiency values in the cortices, and the seed location was then placed in the center of the cluster in the right side cortices (i.e., the non-tumor side for the patients) determined by the task driven functional maps. The corresponding P value (uncorrelated) for the highest correlation value for each subject was different, and is from 5.2 ∗ 10^− 29^ to 3.4 ∗ 10^− 14^. By applying the seed method, the coordinates of the center for the cluster in each determined left side hand motor area in the network for each case were recorded. The coordinates of the hand motor voxel in the anatomical images were determined by the omega shape read by two experienced co-authors in neuro-radiology and neuro-surgery. Finally, the distances for the left side hand motor areas in the primary sensory and motor cortices (i.e., the tumor side for the patients) determined from the task fMRI data to the ones determined from the rs-fMRI data and the anatomical images were calculated from the coordinates. The maximum and mean values of the distances with the standard deviations for the 25 patients and 10 healthy cases were evaluated.

For the group analyses, both AFNI and FSL ([@bb0235]) software were applied for the data of the rs-fMRI and task fMRI groups for the patients and the healthy subjects. First the data of rs-fMRI and task fMRI for each case were run in AFNI for a motion and baseline corrections. The rs-fMRI data were then filtered for only keeping the frequencies in the band of 0.01 to 0.08 Hz since only these frequencies might result from neuronal functional connectivity ([@bb0140]). Separately, the task fMRI data then were spatial smoothed by a 4 mm Gaussian function. After these steps, a multi-session temporal concatenation independent component analysis (ICA) was applied in FSL for determining the sensory and motor networks of the 25 patients and the 10 healthy subjects for the rs-fMRI group; and a multi-session tensor independent component analysis (ICA) was applied in FSL for determining the hand areas in the sensory and motor cortices of the patients and the healthy subjects for the task fMRI group. The coordinates of the pixels with the maximum correlation co-efficiencies either in the sensory and motor networks or in the sensory and motor cortices of the left side were recorded in AFNI. The distances for the groups were obtained from the calculation by using the coordinates.

3. Results {#s0030}
==========

3.1. Patients {#s0035}
-------------

For these 25 patients, we applied the task fMRI and DTI data to determine the hand areas of sensory and motor cortices for generating pre-surgical plans, and successfully verified the hand areas in the tumor sides during the surgeries where indicated, by the gold standard: intra-operative electrical stimulation technique. The match of the hand areas to these areas suggested by the gold standard demonstrates that the hand areas determined by the task fMRI are accurate for such localization.

In [Fig. 1](#f0005){ref-type="fig"}, we show the hand areas by the green crosshairs on the tumor side (i.e., the left hemisphere) determined from the anatomical images (A), and the maps generated from the task (i.e., right hand finger tapping) fMRI (B), and rs-fMRI (C) Images for patient number three with an astrocytoma shown by two white arrows. For this case, the hand voxel is in the middle of the pre-central sulcus (i.e., the middle of the omega shape), at the middle of the pre-central gyrus, and at the far left pre-central gyrus determined respectively by the anatomical images, the task fMRI and rs-fMRI maps.

The coordinates of the hand areas in the left side sensory and motor cortices determined from the task fMRI or evaluated from the anatomical T1 images or in the left sensory-motor network resulted from the rs-fMRI data for the patients were recorded, and the distances (mm) between the three hand areas were calculated from the coordinates of the areas for each patient were listed in [Table 3](#t0015){ref-type="table"}.

The 1st distance is between the hand areas determined by the task fMRI and rs-fMRI data, it varies from 2.57 to 44.30 mm (the 1st column in [Table 3](#t0015){ref-type="table"}), and the average distance with standard deviation is 18.9 ± 10.61 mm. The 2nd distance is between the hand areas determined by the task fMRI and anatomic images, it varies from 5.13 to 36.52 mm (the 2nd column in [Table 3](#t0015){ref-type="table"}), and the average distance with standard deviation is 21.37 ± 8.98 mm. The 3rd distance is the one between the hand areas determined by the rs-fMRI and anatomic images, it varies from 4.06 to 59.75 mm (the 3nd column in [Table 3](#t0015){ref-type="table"}), and the average distance with standard deviation is 26.76 ± 15.14 mm.

The 3-dimensional (3D) locations (mm) of the hand areas for the 25 cases are plotted in [Fig. 2](#f0010){ref-type="fig"}. The hand areas determined by the task fMRI data (the stars) are distributed close to each other, however, the areas determined anatomically (the squares) and by the rs-fMRI data (the cycles) are distributed further apart, especially along the x direction. For many cases, the spatial locations of the areas determined by the task fMRI data are obviously different when they are compared to the areas determined by the rs-fMRI data or anatomical images.

For a better or fairer comparison on the locations of the hand areas of the left side determined by the task and the rs-fMRI, we performed group analyses on the data of the task and the rs-fMRI. For performing pre-surgical planning, we only used the results from the individual analyses. The group analyses are included in this paper for discussing the locations or "fingerprints" of the hand areas in the sensory and motor cortices of the left side for the patients.

We generated group 2D and 3D hand functional area maps and FC maps of the sensory-motor cortex of the tumor patients, shown in [Fig. 3](#f0015){ref-type="fig"} in which [Fig. 3](#f0015){ref-type="fig"}A shows the hand functional area maps from the task fMRI data and [Fig. 3](#f0015){ref-type="fig"}B shows the FC maps from the rs-fMRI data. The maps demonstrating FC of the sensory and motor network are bilateral and almost symmetrical for the two hemispheres. As a comparison, the motor fMRI maps showed a left-lateralized pattern for the right hand finger task. In addition the supplementary motor area (SMA) was only detected in the FC maps.

Based on the tumor group images, we measured the coordinates of the hand area in the left side (i.e., the tumor side) determined from the task fMRI and rs-fMRI data for the group of the 25 patients with the brain tumors in the left side. The distance (mm) between the two hand areas determined by the coordinates of the task fMRI and the rs-fMRI data is 9.17 mm.

3.2. Healthy subjects. {#s0040}
----------------------

For the No. 7 in [Table 2](#t0010){ref-type="table"}, the hand areas in the sensory and motor cortices of the left side are indicated by the green crosshairs in [Fig. 4](#f0020){ref-type="fig"}. The areas were determined by the anatomical images (4 A) and the maps generated from the task (i.e., the right hand finger tapping) fMRI (4B) and rs-fMRI (4C, the yellow arrow points to the "seed" area) data for this subject. For this case, the hand voxel is at the middle of the pre-central sulcus (i.e., the middle of the omega shape), at the left of the pre-central sulcus, and at the left post-central sulcus determined respectively by the anatomical images, the task fMRI and rs-fMRI maps.

The coordinates of the hand functional areas in the left side sensory and motor cortices were determined and recorded from the task fMRI and rs-fMRI data and the anatomical images for the 10 healthy subjects, and the distances (mm) between the three hand areas determined by the coordinates of the areas for each subject in the 10 cases are listed in [Table 4](#t0020){ref-type="table"}.

The 1st distance is between the hand areas determined by the coordinates of the areas of the task fMRI and rs-fMRI. It varies from 2.28 to 18.97 mm (the first column in [Table 4](#t0020){ref-type="table"}), and the average distance with standard deviation is 11.3 ± 5.41 mm. None of these distances is longer than 20 mm. The 2nd distance calculated is between the hand areas of the task fMRI and anatomic images, it varies from 5.45 to 20.40 mm (the 2nd column in [Table 4](#t0020){ref-type="table"}), and the average distance with standard deviation is 10.46 ± 4.75 mm. Only one of the distances is longer than 20 mm. The 3rd distance is between the hand areas of the resting state fMRI and anatomic images, it varies from 7.88 to 40.51 mm (the 3nd column in [Table 4](#t0020){ref-type="table"}), and the average distance with standard deviation is 23.13 ± 11.44 mm. Six of the distances (i.e., 60%) are longer than 20 mm.

The 3D locations of the hand areas for the 10 subjects are plotted in [Fig. 5](#f0025){ref-type="fig"}. The hand areas determined by the anatomical images, and the task and the resting state fMRI data are all close to each other for all cases.

We also made group 2D and 3D fMRI and FC maps for the10 subjects in [Fig. 6](#f0030){ref-type="fig"} in which the left is the sensory and motor fMRI maps from the task fMRI data, and the right is the FC maps of the sensory and motor network from the rs-fMRI data. The maps show that, both the FC maps for the sensory and motor network and the sensory and motor functional maps are bilateral and almost symmetrical for the two hemispheres. The supplementary motor area (SMA) was also only detected in the sensory and motor network (i.e., the FC) maps.

We also measured the coordinates of the hand areas for the left side sensory and motor cortices determined from the task fMRI and the sensory and motor networks from the rs-fMRI group data for the group with 10 healthy subjects. The distance (mm) between the two hand areas determined by the task fMRI and the rs-fMRI group data based on the coordinates is 10.04 mm.

4. Discussion {#s0045}
=============

Clinically surgery for intrinsic brain lesions near the motor cortex remains challenging because of the risk of postoperative motor deficits. Preoperative imaging such as DTI can often show the relationship of the lesion to the putative motor tracts, but identification of the pyramidal tracts itself is dependent upon the precise localization of the motor strip. When the tumor is close to the motor strip anatomical landmarks are not well visualized and it may be unclear whether the lesion is behind the pyramidal tracts and is pushing them forwards or it is anterior to the tracts and pushing them backwards. This is important to differentiate because if the craniotomy is located anterior to the motor strip, and the motor tracts are being pushed forward by a lesion behind the motor tract; then surgery will not be possible without significantly harming the patient. Even intraoperative direct cortical stimulation and identification of the motor strip may not answer this question for certain tumors. Therefore reliable identification of the motor strip pre-operatively and thus identification of the pyramidal tracts and their relation to the tumor is necessary to plan a safe approach to the tumor. This identification is most often obtained from task driven BOLD fMRI data.

Tumors close to the motor cortex have a significant risk of post-operative hemiparesis or hemiplegia. The functional tissues (i.e., the areas) that need to be avoided for this study are the motor cortex and the corticospinal tracts (motor tracts) as surgical damage in these areas will produce a permanent deficit. Identification of the motor cortex aids surgery in two ways. First by identifying the motor cortex an appropriate craniotomy can be planned as the location of the tumor can be judged to be either in front of or behind the motor cortex. Secondly when diffusion tensor imaging and tractography is performed it is very helpful to know which part of the corona radiate actually carries the motor tracts and how those tracts are related to the tumor to be excised. This can only be done with some degree of confidence if the location of the motor cortex is known. Since edema surrounding the tumor often obscures the cortical anatomy and the underlying tracts, finding the location of the motor cortex becomes very important pre-operatively. Usually the location of the motor cortex is indicated by task driven fMRI and this is verified intra-operatively by cortical stimulation. The motor tracts can then be identified by sub-cortical stimulation and the tumor resected to within a few millimeters of the motor tracts while avoiding injury to this critical area.

The right hand finger tapping task fMRI data of these 25 patients were used to successfully determine the hand areas of the sensory and motor cortices on the tumor side, and these areas were further verified by intra-operative electrical stimulation technique, in cases where the tumor margin was very close to the motor cortex. In a paper from Muller ([@bb0190]) with a larger patient population, they found that in 46 recordings, there was 100% correlation between the motor fMRI and the intraoperative stimulation map within 20 mm, and 67% correlation within 10 mm. Based on the literature ([@bb0260], [@bb0200]) and our experience, we consider a 20 mm differences on the locations of the hand areas determined by the task and the rs-fMRI data and anatomical images to be significant in preoperative planning and performing a correctly located craniotomy, to allow maximum resection of the tumor with a minimal risk of damage to the motor cortex or subcortical tracts. Hence, at present the location (i.e., "fingerprint") of the hand areas determined by the task fMRI should be considered as one of the standards among these three MR imaging methods for making a presurgical plan since the motor cortex location determined by the task fMRI is verifiable by the gold standard: intraoperative stimulation.

We have chosen a distance of two centimeters as being significant because of the known anatomy of the motor strip, whereby a difference of more than two centimeters is likely to place the proposed motor function outside the true motor strip. In addition when reliable identification with two centimeters accuracy for the motor cortex and the descending motor tracts is possible a small precisely targeted craniotomy can be placed, either in front of or behind the central sulcus, the cortical entry can be placed safely in front of or behind the sensory-motor area, the lesion will be evident prior to reaching the pyramidal tracts and finally subcortical stimulation of the tracts can guide safe resection of the lesion and reduce or eliminate the risk of post-operative morbidity.

The tumor group analyses on the task and rs-fMRI data show that the determined hand areas are very close, and the distance between two areas is only 9.17 mm. This difference in the location of hand areas should not be considered to be clinically significant for an optimum resection of a brain tumor. With this small difference, it seems that on the group analyses level the rs-fMRI can do a clinically useful job of determining the hand area and so that this information can be used for pre-surgical planning.

However, since resection of a brain tumor is performed on an individual patient, group analysis data is meaningless for pre-surgical planning. The individual analyses presented ([Table 3](#t0015){ref-type="table"}) show that in only three cases (the cases of 1, 9 and 14), the difference in the hand area distances for the three MR imaging methods were \< 20 mm. For 13 of the 25 cases (52%) the distances between the task-determined hand areas and the rs-fMRI determined hand areas were \> 20 mm, and the average distance with standard deviation being 18.90 ± 10.61 mm. The obvious differences (i.e., the distances is longer than 20 mm) for the majority of cases suggests that the rs-fMRI data should not be the sole modality used for pre-surgical planning. A recent investigation ([@bb0220]) applying rs-fMRI and task fMRI on patients with lesions close to the sensorimotor cortex demonstrated that for 4 of the 13 cases (31%) the distance between the task-determined hand areas and the rs-fMRI determined hand areas were \> 20 mm. The authors of the study suggested rs-fMRI should not be considered as a replacement for task fMRI since localization performed by rs-fMRI is not equivalent to task fMRI ([@bb0220]).

Since we assume that the standard for determining the hand area fingerprint is from task driven (i.e. here right hand finger tapping) BOLD fMRI, we should also not rely on the use of anatomical information for determining the hand areas in the sensory and motor cortices since in 13 of 25 cases (52%) the distances were longer than 20 mm between the task-determined and the anatomically determined hand areas. The average distance was 21.37 ± 8.98 mm. Thus, the hand area should be determined at present only by the task BOLD fMRI signal. We believe that the location (i.e., the "fingerprint") of the hand area determined by the task fMRI should be considered as the "gold" standard among the MR imaging methods.

The locations of the hand areas determined by the rs-fMRI and anatomical images were also differed in this study. The average distance with standard deviation was 26.76 ± 15.14 mm and in 16 of 25 cases (64%) the distance between these areas were \> 20 mm. The results of the hand area fingerprints in patients with brain tumors (see [Table 3](#t0015){ref-type="table"} and [Fig. 2](#f0010){ref-type="fig"}) by the three imaging methods clearly demonstrate there are three hand areas (i.e., three "fingerprints") in the sensory and motor cortices for every tumor case. The distances of the determined hand areas can be as small as a 2.57 mm to a significant 59.75 mm value.

Our study shows that while group rs-fMRI data tend to agree with the task fMRI as to the location of the hand motor functional areas of the patient group, individual analysis show wide variations in the rs-MRI data, rendering this modality unsafe for pre-operative planning for individual patients. Our experience with direct cortical stimulation has shown that the hand motor functional area is well localized by task based fMRI, as has been shown by others ([@bb0020]). A recent study ([@bb0165]) has shown that rs-MRI and the task based fMRI were equally good in localizing the motor strip but this has not been our experience.

For the healthy subjects, the group analyses on the task and rs-fMRI data show that the distance between the determined hand areas was 10.04 mm. The individual analyses revealed that the distances between the hand areas determined by the task fMRI, rs-fMRI and anatomical images were in a range of 2.28 mm to 40.51 mm. The results from the group and individual analyses seem to suggest there are much smaller differences in the locations of the hand areas determined by these three imaging methods for healthy subjects as compared to patients harboring brain tumors. For example, in none of these 10 healthy subjects is the distance determined by the task and the rs-fMRI is \> 20 mm. Even for healthy subjects, the hand motor area is probably best indicated by task driven fMRI. The distance values from [Table 4](#t0020){ref-type="table"} suggest that the hand area locations determined from the task and rs-fMRI methods and from the task and anatomic imaging methods for each subject are fairly close. However, the distances determined from the rs-fMRI and anatomical images for six cases (i.e., 60%) are longer than 20 mm.

The different locations or fingerprints for the hand areas in the sensory and motor cortices determined by these three methods may be related to the assumptions underlying the mechanisms used to determine the location of the hand area by the different methods and tumor influences on the underlying mechanisms.

For applying anatomical imaging to determine a hand motor functional area, we sought the following signs or landmarks in a high resolution (a 0.9 mm isotropic voxel in this paper) T1 weighted images: the middle section of the omega or the sigmoidal hook sign with supplementary landmarks of superior frontal sulcus pre CS sign, pars bracket sign, Bifid post-CS sign, thin postcentral gyrus sign, intraparietal sulcus - post-CS, and midline sulcus sign ([@bb0200]). Thus this area was determined by the imaging appearance and anatomical knowledge. However, a tumor close to the hand area may change the imaging appearance by changing T1, T2 and proton values. The local anatomy may be obscured by edema or mass effect and it may not be possible to recognize the hand area. Also in some patients, the hand functional area may be relocated to another adjacent brain area due to brain functional reorganization ([@bb0175], [@bb0100], [@bb0105], [@bb0230]). Hence, determination of hand areas for patients with brain tumors by anatomical images alone is not always sufficient or reliable.

For applying the rs-fMRI to determine the hand area in sensory and motor cortices, we rely on the functional connectivity of sensory and motor network which is determined by the intrinsic low-frequency fluctuations in the resting state BOLD fMRI signal. The signal is thought to reflect coherent neuronal activity in at least seven brain functional connected networks included this sensory and motor network, as demonstrated by studies combining electrophysiological recordings and rs-fMRI ([@bb0110], [@bb0125], [@bb0170]). The resting-state activity is considered to arise from the engagement of the brain networks necessary for performing tasks and/or responding to external stimuli such as performing a finger tapping and or a picture naming task ([@bb0165], [@bb0240]). Hence, the locations of the sensory and motor network may match primary sensory and motor cortices, however the hand area in the network based on the resting state BOLD fMRI signal can still be uncertain. In addition: the low frequency fluctuations in the resting-state BOLD signal is weak and usually mixed with other signal sources which are not related to neuronal functional activity even after a low frequency filter is applied ([@bb0055]).

In our study, we applied a seed method for the resting state signal to determine the locations of the hand areas on the side of the tumor (i.e., the left side). The seed method enhances the capacity to find the connected brain areas for a certain brain function if the seed area can be correctly selected and the whole resting state signal including the one in the seed area is only related to neuronal active BOLD signal. By using the task determined seed (i.e., the hand functional area) location in the non-tumor side; we then obtained the seed signal in the resting state BOLD fMRI signal for the location. Thus we were able to determine the hand area location, i.e., the hand fingerprint, on the tumor side by using the seed signal to perform a correlation analyses. Using the seed method, we have to assume that the influence from the tumor itself can be ignored for the resting state signal on the side of the tumor. This assumption may be questionable. This is if there are tumor effects in a tumor resting state BOLD fMRI data, the seed method for the hand area fingerprint can be mislabeled. We did not use the model independent methods such as independent component analysis because the resting data could not generate a stable or robust sensory and motor network for each individual in the patient group. The main reason for the lack of a robust sensory and motor network likely results from the tumor effects on the modification of the resting state signal.

For the task BOLD fMRI, we know that the signal is mainly related to CBF. The CBF increases in areas, due to response to a task such as a finger tapping, which correlates to the areas of neuronal functional activation if such areas do not include veins and arteries. The basis of applying BOLD mechanism for determining functional areas in eloquent cortices by task fMRI is that the neuronal functional activity and the change of CBF are tightly coupled for performing the task ([@bb0025]). The task-driven BOLD fMRI signal is correlated to CBF, CBV and CMRO2 and the signal can be generated from the three parameters based on a balloon model ([@bb0025]). For a patient with a GBM, the signal may not be detected due to the decoupling of the neovasculatures and neurons ([@bb0100], [@bb0105], [@bb0095]). In this study with only one high grade gliomas (the case \#13) in the frontal lobe which was also far to the primary sensory and motor cortices, since we accurately determined the hand area locations for the 25 patients by the task BOLD fMRI data we can say that there was such coupling between the neovasculature and the neurons in the hand functional areas, i.e., the neurons in the areas were responsible to the finger tapping stimulation of the patients.

However we do not know for certain how the rs-fMRI signal is related to neuronal functional activation areas which are determined by the task fMRI signal. It is unclear if the correlations among CBF, CBV and CMRO2 will still hold for the rs-fMRI signal. There are few publications ([@bb0270], [@bb0250], [@bb0035]; [@bb0180], [@bb0195]) which suggest some underlying mechanisms. For the resting state fMRI signal, most people accept it to be the low frequency fluctuation of BOLD resulting from the synchronous neural activity. "However, despite the broad use of resting-state fMRI as a technique to investigate low-frequency BOLD fluctuations, the mechanisms that give rise to synchronous, spontaneous neural activity across brain regions remain largely unknown ([@bb0135])". Hence, the resting state BOLD signal may show functionally connected areas including the sensory and motor network, but this does not mean the hand area location in the sensory and motor network can be accurately determined by the signal, even if the location of the sensory and motor network can be the same as the sensory and motor cortex determined by the task BOLD fMRI signal.

Considering the voxel size of the rs-fMRI and the task fMRI as approximate 3 mm^3^, we demonstrate in this study that for the majority of the tumor cases the distances of the hand motor functional areas determined from the three MRI methods are longer than 20 (± 3) mm and the areas determined from the task fMRI were accurate in the localization of the motor cortex when intra-operative stimulation was performed on selected cases.

In future, as we accumulate more patients we will be able to generate enough data to separate low grade gliomas, high grade gliomas and other lesions such as cavernomas and AVM\'s to address the role of neurovascular de-coupling and its impact on BOLD MR imaging.

We will seek clinical correlates between distances and tumor grades to understand the effect of brain tumor on functional organization in ipsilateral hemisphere. Also we intent to show the correlate between the surgical outcome and the corresponding distance values to deliver the quantitatively clinical message to the pre-surgical planning of a patient with brain tumor.

For the hand functional areas determining by rs-fMRI, we will apply a new method: time-varying resting-state functional connectivity ([@bb0115]) for a farther justification on our main findings and novelty.

In a word, we would like to turn the clinical practice of qualitative fMRI to a quantitative method (i.e., to have the fingerprint of every functional area for each brain tumor patient) for optimization of brain tumor resection.

5. Conclusions {#s0050}
==============

1)For majority of the 25 tumor cases, the locations of the hand motor area in the tumor sides determined from an rs-fMRI data and anatomical images are more than 20 mm apart from the one determined from a finger tapping fMRI data. None of 10 healthy subjects the distance of the locations of the hand motor areas determined from rs-fMRI and the task fMRI is longer than 20 mm.2)The differences in the locations or fingerprints of the hand motor areas determined by these three MR methods for the patients result from differences in mechanisms of the three modalities for determining the localization and tumor effects on the mechanisms: 1) task driven (finger tapping) BOLD fMRI signal is for determining active neurons in the sensory and motor cortices; 2) resting state BOLD fMRI signal is for determining "neuronal' functional connectivity in the sensory and motor network; and 3) anatomical landmarks in a high resolution T1 images are applied for locating the hand motor area in the sensory and motor cortices.3)At present for performing pre-surgical planning, as long as there is a coupling between neuronal activation and neurovasculatory the task fMRI is accurate for localizing the hand motor functional areas of the patients. rs-fMRI as performed, is not a suitable replacement for the task fMRI in performing the pre-surgical planning of a patient with brain tumor.
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![The hand area shown by the green crossheads determined by the anatomical images (1 A) and the maps generated from the task fMRI (1B) and rs-fMRI (1C) data for the 3rd case in [Table 1](#t0005){ref-type="table"}. The yellow and black arrows point to the "seed" area and the two white arrows point to the tumors. For the maps, the left side is the right side. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr1){#f0005}

![A 3D plot (ftap (star), resting (cycle) and ana (square)) for the locations of the voxels of the hand areas in the sensory and motor cortices (or networks) of the tumor (i.e., the left) sides for the 25 cases.](gr2){#f0010}

![The 2D and 3D maps for the tumor group with 25 cases, on the left are the sensory and motor functional maps generated by the right hand finger tapping fMRI data and on the right are the FC maps for the sensory and motor network generated by the rs-fMRI data. In the images, the left is the left side.](gr3){#f0015}

![The anatomical images (A) and the maps shown the hand areas in the sensory and motor cortices generated from the finger tapping task fMRI data (B), rs-fMRI (C) data for the 7th case in [Table 2](#t0010){ref-type="table"}. The yellow arrow points to the "seed" area. The left side is the right side in the figure.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](gr4){#f0020}

![A 3D plot (ftap (star), resting (circle) and ana (square)) for the locations of the voxels of the hand areas in the sensory and motor cortices (or networks) on the left sides for the 10 healthy subjects.](gr5){#f0025}

![The 2D and 3D maps for the healthy group with 10 cases. On the left are the motor functional maps generated by the right hand finger tapping fMRI data and on the right are the FC maps for the sensory and motor network generated by the rs-fMRI data. In the images, the left is the left.](gr6){#f0030}

###### 

Patients with brain tumors.

Table 1

  No.   Sex/age   Tumor type                 Tumor location
  ----- --------- -------------------------- ---------------------------
  1     F/33      Astrocytoma (II)           Left frontal and temporal
  2     M/49      Oligodendroglioma (II)     Left temporal
  3     F/64      Astrocytoma (II)           Left frontal and temporal
  4     F/23      Oligodendroglioma (II)     Left temporal
  5     F/51      Astrocytoma (III)          Left temporal
  6     M/16      GBM (IV)                   Left temporal
  7     M/40      Diffuse astrocytoma (II)   Left temporal
  8     M/36      Oligodendroglioma (II)     Left temporal
  9     F/79      Astrocytoma (II)           Left temporal
  10    F/43      Oligodendroglioma (III)    Left temporal
  11    F/29      Astrocytoma (III)          Left temporal
  10    F/47      Meningiomas                Left temporal
  13    M/21      Gliosarcoma (IV)           Left frontal and temporal
  14    F/44      Oligodendroglioma (II)     Left frontal and temporal
  15    M/18      Astrocytoma (III)          Left temporal
  16    F/18      Astrocytoma (II)           Left temporal
  17    M/56      Astrocytoma (III)          Left temporal
  18    F/17      Astrocytoma (II)           Left temporal
  19    M/60      Oligodendroglioma (II)     Left temporal
  20    M/29      Astrocytoma (II)           Left temporal
  21    M/58      Astrocytoma (III)          Left temporal
  22    F/37      Gliosarcoma (IV)           Left temporal
  23    F/60      Oligodendroglioma (II)     Left temporal
  24    M/44      Astrocytoma (II)           Left temporal
  25    M/68      Astrocytoma (II)           Left temporal

###### 

Healthy subjects.

Table 2

  No.   Sex/age
  ----- ---------
  1     M/28
  2     M/23
  3     F/25
  4     M/56
  5     M/17
  6     M/38
  7     M/37
  8     M/50
  9     M/24
  10    M/57

###### 

The distances (mm) between the hand areas on the left side calculated from the coordinates (mm) of the task fMRI and rs-fMRI data and the anatomic images for the 25 patients.

Table 3

  No.   Distance (mm) between the hand areas determined by the finger tapping fMRI and the rs-fMRI data   Distance (mm) between the hand areas determined by the finger tapping fMRI data and the anatomical images   Distance (mm) between the hand areas determined by the rs-fMRI data and the anatomical images
  ----- ------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------
  1     10.28                                                                                             7.49                                                                                                        6.93
  2     25.32                                                                                             18.28                                                                                                       38.06
  3     27.20                                                                                             25.46                                                                                                       9.95
  4     11.90                                                                                             16.67                                                                                                       23.69
  5     35.15                                                                                             35.31                                                                                                       59.75
  6     24.19                                                                                             10.81                                                                                                       21.86
  7     6.70                                                                                              36.52                                                                                                       37.95
  8     44.30                                                                                             29.75                                                                                                       32.16
  9     6.51                                                                                              5.13                                                                                                        11.59
  10    9.89                                                                                              32.59                                                                                                       40.88
  11    20.52                                                                                             19.70                                                                                                       4.06
  10    19.82                                                                                             17.65                                                                                                       24.57
  13    9.48                                                                                              23.05                                                                                                       14.69
  14    2.57                                                                                              13.88                                                                                                       13.01
  15    25.78                                                                                             17.94                                                                                                       30.58
  16    11.13                                                                                             20.25                                                                                                       21.82
  17    10.73                                                                                             20.05                                                                                                       13.97
  18    30.53                                                                                             33.74                                                                                                       51.72
  19    13.69                                                                                             28.48                                                                                                       21.42
  20    26.76                                                                                             29.09                                                                                                       49.47
  21    29.14                                                                                             14.46                                                                                                       35.52
  22    15.76                                                                                             11.75                                                                                                       25.03
  23    20.80                                                                                             21.44                                                                                                       5.02
  24    23.70                                                                                             12.70                                                                                                       19.86
  25    24.05                                                                                             29.37                                                                                                       49.55

###### 

The distances (mm) between the hand areas in the sensory and motor cortices or networks on the left side determined from the coordinates of the areas for the 10 healthy subjects.

Table 4

  No.   Distance (mm) between the hand areas determined by the finger tapping fMRI and the rs-fMRI data   Distance (mm) between the hand areas determined by the finger tapping fMRI data and the anatomical images   Distance (mm) between the hand areas determined by the rs-fMRI data and the anatomical images
  ----- ------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------
  1     17.94                                                                                             17.00                                                                                                       8.98
  2     2.28                                                                                              9.03                                                                                                        7.88
  3     18.97                                                                                             5.45                                                                                                        23.78
  4     7.42                                                                                              10.93                                                                                                       40.51
  5     14.25                                                                                             6.71                                                                                                        10.37
  6     10.39                                                                                             11.32                                                                                                       19.62
  7     6.10                                                                                              15.21                                                                                                       23.32
  8     8.59                                                                                              10.57                                                                                                       31.90
  9     9.63                                                                                              15.96                                                                                                       35.18
  10    15.44                                                                                             20.40                                                                                                       29.82
